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S0l CPRUCTURAL CODTTI0HE 1 AT GOYVERN THE ;

STABTLTEY OF AVPOAILE TEGULATTON SYE MG,

Ly e A Ayrerman [-Minermaq;7

FRA ARG LI b U ISy s Coddononoihle stpmetina)
conditions undor which an aulomabic reqvlallon ayutem, compoged of any
number of links (clements) of conlrel operalions connochod in sories,
may be rendorod sbable by the prenoer golection of parameters.

The theorom dofinine theue conditions i proved, and is appliod
Lo u fuw oxamples of conerete rerulation cyctoms Ly way of demonslration,

Vyshneﬁradshjy'z—l;7, in his sludy of direct aunbomatic resrulation
in machinus without the uge of self-aliprment (selb-adjustment, sell=
compengation) by means of a watt rovernor, formulated the following
‘theses:

Direct automatic repulation in machines without the use of selfl-

alirnment cannot be made conversent, whatcver {lie otiier paramelers

IR

of the macning and the snvernor: 1) if there is no friction in the
recnlator (rovernor) or 2) if the rerulator is astatic,
These theses revealed the influence of friction in repulators {

and their irrepularity upon the conditions necessary for obtairing a
stable process and established rational bases for the construction of
direct repulation systems, thus ensuring the rapid development of

regulator designs.
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A GudIUENTIAL

Purtier research /~é-li 7 showed that tie first thesis was also
true for direct regulation of an otject having self-alirning properties,
but tie second thes!s was not, Tn more complicated installations-for
exanple, of indiiact repulationmtrere ex.at nyslums in whiel. the abmence
of I'riction ‘n Lthe rerulator 1a su.ficlent Lo make 1t lupossible to

- seleat paywnoters veeh that the ayetem may 6 stabilized., ilevertheless,
Loore do oxlat Inslallatieng ef lndiveet reogulatlon in which the pre-
senee af frictioen 1&g nel a necessary conditien for converyonce,

The atoevo=manbionced studios wore ldmited to u cencrete analyeis
of netual aituationg, and the yyotoms snludied wore thotu in waich
the de-ree of the coaraseleriolic wgualden was not hiph for the most
part, nob hiphar than tie sizuh deprec,  seaneeile, bhiw developuent
of muthody lor tue structural anal.sis of avtemabic repululion systems
Z—S—B_7 posed the problem of detorm ning Lhe Limite of the nocetuary
structural condibionn of ctability tor a larpe class ol systems, un-
hampered Ly any kind of limits placed on the desree of the chiaracter-
iatic enuation, PFormilated and proven Lelow s a theorem wiich solves
these proitlems applicable to systens conbaining any number of elements
of conlrolled opurations connected in series,

As f'ar ag the author can judre (rom the literature with which
he is (amiliar, this problem has been studied in onl; one work 1-5_7.

However, tlie study in Z-S_7 is based not upon tie necessary and
sulivieient condition that all the roots of the characteristic equation
be negative, but rather upon the condition that all the coefficients
of the characteristic equation be positive, which is merely necessary.
Therefore, of the systems in Z_S_7 which seemed applicable to the class

examined by us, the only ones to be taken up are those in which, for
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any values of the parameters, instabllity occure because some of the
coetficienta of the characteristic equatinn were not positivey and,
ti.e canes not invesilipated ave, from our viewpeint, the trivial onus

where the system cannot be stabilized, desplte the fact that all

i M i

coollialents of the clunracterieotle squation are poalbive,

1. Gtatement of the (roblem

Lol ug Levin Ly selectine Wwe of the staplosl exan les ralatad
ba Lie Lhemg ol our rosgsrchis

rhe oquabiong deseriting diveel antomalie puimi Lt ion (Pheara 1)
pan b podiesd e Lhe Perm (lete:  ALL irures are appended te the
annux)

oquation of Lhw mchines (/0 " ) X, = -—%/ X5
T (1)
equation of Lho rovurnor: (_p ‘(—-/ /7/;7“(2) X: -*"',{1, X/

b % tn Lie doflection Qle:v:'x-'.ll,im‘D ol Lo repulabed paranber; Xy iy
the displicement of Lhe ropulator clnLch;/ﬂE C’//f/f i a differential
sperabory ko and ko, nre posibive numborgy b, oy €, ovan be positive

nr vere. The valves h, ¢, ky, k, are Lhe paramelers of Llo ingtallatinn.
s €y Kys Ky |

The characterislic cynation of system (1) iw:

(o) (p*rrp+t) F Kk, = O

The coudition rovernine statility, by virtue ol the Routh=Hurwitz erit- i

erion, is reduced Lo Lhe inequality:

/ N
#Note: The letter "' eharacterizes bthe internal friction in the regulator
Cys the self-alignment in the rerulated object (cl 0, if the object
is deprived of self-alipnment); and ¢y the repulator's "static property"
(c2 0, if the repulator is astatic)., The equations given by Stodola
/27 or Tolle [ 3] amount to equation (1) with the addition of a term

- taking into account the machine's self-alipnment and the division of

each equation by the proper time constant,
\

-3 -
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e+ hi(a*a) —k 4k >0, (3)

Thia eoadition cannot be fulfilled for frictienless regulators
(= 0) or for astatic rermlaters and rarulated objects non-self-
aliyvned (u1= 02=D), no mabter wiat ti.e valuae of the remaining
paramsbers,

In tue giaplael iudirocL-r-e;,:'ulution inatallation, shewn in lipure
2, the rugulalion precess 1a deceribed in a linear approximation by

the aquationa:

tho machines (/0+f/) X == — 4 X3
2

tho tangtLive wlement: (/0+/)/0 +C-z) Xy, = /42 X, (L)

the torvomotors (/p+ca> X3 — /é_, X2

wiers, Losides the nlove nokatinna, ¥g da Lia dellection of the
survomobor piulon and k3 1y a positive number.
The constant ¢y {8 positive if the servomolor has rigid feedtiack,

shown in Finre 1, and 15 equal to zero if it has no feedback,

The oharacteristic cquation of system (L) can be written thus:

(/+C} ) (/0 z""/fp +Cz) gﬁ"fé;) +/é//<'z i(; (5)
and the stability conditions are reduced to the inequalites:

¢ +C3+ 5 >0

C3(Gh7C)+ GG >0

CCa Gy~ hikahy > O

U

( (’(1+(/(3A+5263)[( CFCAh) (s +Cathe +hes) =
- —(GeoFC2C5 + ez ) — (G+& 7‘6)2((/(2(37‘/47/42@) >0, “

-l =
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These conditiens cannot be fulfilled 1f any one of the four
capee following holdet

1) if there ig no friction in the pengitive alement (t1==0);

2) if the repulated otject is deprived of pelf=alicnnent (c1===0)
and besides tie sensitive elenent is astatic (02===0);

3) if the re-ulated object 1o deprived of sell=alignmant (cl==0)
ol Lesiden the servemoter has no feudlack (03 =0)} “

L) 4f the repulated element 8 sall-alipning, but the genpitive %
vlement 1s astatic (c2===0) and the sorvomotor has no l'ecdback (03===0).

Coth thara avamiles are wniuportant of course, and were Lroupht \
farward only to 1llustrate our problem. They are connoctad with obtain= ;
ing similar results applieabt.le Lo more complicated systems with any 1
order of the eharacteristie geuation (as hish a8 dosired). Moreover, i
with thio in viow, lhe elomonts (or, as we shall call them, Links) i
will be diffurentiated, not in accordance with their technical nomenclalure i
(repulated nbject, sensitive olements, vervomotor, ete,), but accord- ]
inp to the form of the difrerential enquations describing the transicnt l
processes taking place in them. |

Let ns limit our research Lo syshoms that satisfy the following
four conditions:

1) The fpransient provesses iln any link of a system, considered

aside from bthe remaining links, can be des ribed by btae equation

d’(/ﬂ X, = _AX,;

or

== ()
; where d(p) is a polynomial operator with real coefficients; k is \
i . a positive number; xois the generalized foutput" coordinate operating \

on the following links and x; 18 ‘the "input" coorinate which is the

T T e

outpub of the preceding link,

-5 =
BUNFIDEN i

Declassified - iti
ified in Part - Sanitized Copy Approved for Release 2012/05/30 : CIA-RDP82-00039R000100080029: 2’1




i 2) The polynomial d(p) will have

polynomiale shown in Tavle 1l [r’anff'm/f o page

CONFIDENTIAL

Declassified in Part - iti
in Part - Sanitized Copy Approved for Release 2012/05/30 : CIA-RDP82-00039R00010008!
: - 0029-2

the form of any of the twelve

7 |

/-

ing to type and class,

ulating and provine the

into consideration Lhe pr

{cular, it is possible to

in Table 1 two series~connected links appe

thie number ol Woripinal" or

is unsuitable.
\

oblem of feneral elassification,

subetitute

thamia" links ie less than twelve.

tiie speclal purposes of our work the abbreviated form of

.

wNote: In preparing Tatle 1 and the claasilication of links acoord=
the author had in view only the ease of form=

theorems to be cited later, and did not take

In parte )

for some of the links enumerated 1

aring in thie table, Hence

For

Table 1

[25u/q/’ﬂoﬁg}7 N,

Links of riroup I (stabic)s

/’-/-ﬁ/&-v‘c
Lre

24

Y 244 o= ¢
y

pmc

14nks of troup III
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Table 1

(1st class)

(2nd " )

Links of froup II (nepative staticity)s

(1st class )

(188 " )
(2nd " )
(2nd " )

(negative staticity):

(3rd class)

(3rda " )

(bth ")
(bth "

( th )
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[7atte / mv/ﬁm{.]

Links of fOroup IV (etatio):
/‘—/- c (3rd class)

z p=pre Gn vy

Note: The quantities h and ¢ always represent positive constants in:

tavle 1. L[End of Table / ./

3) The system will be a small closed cireuit consisting of
not less than two such links which are connected in series so that
the transient procegues in the coupled syotem can be described by the

oquationssi

f_gl;gi e first eguation of this syelem refors to the ropulated ob-\
ject, the otliers to the regulator.

The directions of the readinss are selected thus: x; ——the
doflection of the raepulating parameter —is positive if its magnitude
is rreater than that on the rerulated systems x2 0 if a chanpe in
X, is produced by an incruase in xl; x3> 0 if a chanpe in Xq is pro-
duced by an increase in xz, and so forth,

lLioreover, on the right=hand side of all equations of the regulator
the coefficients are positive; on the rirh-hand side of the equations

of il repulated object there ig a minus sipn, since an increase in

X, must produce a decredse in Xy
N [Endl of rote.] ,

! ﬂC(/) X =—‘Ié,X"
' ACY RN

I

| (n
f‘ ’4 — 2)3)1:;72‘,
) and the characteristic equation will have the form:
H ow+ T
Jdpt L a=e (8)
-1=
CONFIDENTIAL
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L) 'The system will contain enly one link with nepative staticity
of the secand clase. Thera may be any number of links of other types
or elagses.

These conditione limit the ptudy by excluding rerulation systems
with saveral coupled pavameters and syslens with actien trom the
derivatives or having levd.acks that ahnt several links at the same
time, etc, With repard to more complicated esystems, we shall limit
ourselves to nne observation in the lant section of this article,
put in all otier sections and in the text on the theorem to be proven,
for tue sake of brevity in speaking about a rorulation "system" or
simply a vgystem", we shall huave in mind only oystoms gatislying the
four above=~mgntioned conditions, sven thourh this may not be specif=
jcally etipulated,

We shall differentiate the links only according to {re form of
the polynomial d(p), naming them sccording to the type and clase
shown in Teble 1, Links of tie third class w 11 also be called con-
servabive links.

We shall divide the links enumerated in Table 1 into four groups
as shown in this table.

IMigures 3 and L pive examples of the kind of links that make up
the two eystems studied ahove ['eqpations (1) and (h);7.

The purpose of this article is Lo determine the structural con-
ditions necessary for stability, in other words, to select systems
which can be made stable by a choice of parameterss that is, by a
cliotce of the absolute magnitudes of the constants h, ¢, k in the
1inks composing the gystem.

Hereafter such systems will be called structurally stable; systems
without this property will be called absolutely unstable. The prob-

lems which interest us can now be formulated thuss

-8-
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¥hat linke out of the number enumerated in Table 1 can Le GON=
tained in a structurally stable system?
Pelow, a theorenm will be formulated to solve thie proulem, and

one of the poseible proofs will Le developed,

2, Formulation of the Theorem

In order that an avtomatic regunlation system satisfying the four
enumerated conditlons may ve sbructurally etable, that is, made stable
by Llie proper gelection of parameters, 14 Lo necessary and sulficient
that:

1) the oystou should not contain linko of rroup 111§

2) the syulem should not contaln more than one link of rrowp
11 and}

3) in a system conlalning "r* links of proup IV, tue depree of

the cuaracleristic equation should be hirher than Lr.

3, Preliminary rbservations and Summary

of the Proof of Lhe Theorem

Henceforth we shall carry on operations with the followiny stability

criterion ['6_7.'

In the characteristic eyuations

L=n L=n (9)
Fopr = [T p+ [ 4

we geb P=/w (vmera/z:_': —/ ) and veparate the real and

imaginary parte

F 9’w> = l/(w) +/‘L/(W)

then in the V, U =plane we plot the thodograph of the vector F(JW).

-9 =
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For the eystem to be sbable it will te necesrary and sufficient, that
this hodograprf peglnning when & == an the semieaxie V+ as W
increases, should inersect tie semi=-axes 74 "; 1/ -, U -, V * )

and so forth, passing through "a" quandrante (where "n" is Uhe derree

of the claracteristioc equation)

7/ \
#Note: Illere and elsew:ored the curve degeribed by bLie terminus (cnd)
’

of the vector during the variation of W from zero to 7+ 09 will

Le called the hodopraph.
R e hodoprap ,

{n the following erder: firet, yeco.d, third, lourth, rifth (first),
gixth (oocond) and &0 Lorth,
It is poseible to plol a hodopraph of the vector F(jw) ao follows:
1) Fplot separalely hodographs for tie voctors égw) of all
the linksj

2) Pplot by a simple multiplication of tle vectors a g;'w) the
s "~

vt hodograph of bthe vector ; 7 A (1¢0) .
L= "/

3) Displace this hodograph parallel to the y-axis to the right
=h .

of E Vs .

With such an order of operations as the basis of construction,
hodopraphs are ottained of the vectors 4‘ C;w) , TFipure 5 gives
hodographs of the vactors ;{‘ C/w) of Lhe links enumerated in Table 1.

For proof of the theorem, it 1ls necessary to examine all con=
coivaule variants of systems composed of any number of the links en-
umerated in Table 1 and to show that absolute instability always occurs
when the conditions of the theorem are not fulfilled, and that in

the cases stipulated in the text of the theorem the system is struc-

turally stable. With this in view, we shall first examine systems

- 10 -
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compoged enly of linke of group I and then we shall svocessivaly examine

syatems containing links of group I and, in addition, linke of any

one of groups II, 1II, and IV, Afterwards, we shall examine systems
containing 1linke of proup I and any other links, and, at the end of
the proof, syastems containing any linke, except linke of group I.
thie ﬂll exnaust all presible systems that can only | e composed from

links appearing in Table 1,

L, Proof of the 'haorem

1, A Systow Conslsting Only of Links of Croup II
The characterishtle equation ol such a syglom can be written thus:
20+ K =0
L=2n L=N

Dp=[T7 4G ed K=]Tk

=/ S=) *

where

The modulus of "d" tie vectors of links of roup 1 (Figure 5)
is not reduced Lo zero for any valie of W (0$CU\< 0°> . When
& increases in this interval, tie argument (amplitude, or anrle)
of the vector incr.ases monotonously from 0 to 77 in static links
of the firsi class and to ‘%‘ for static links of the sccond class.
: (see Table 1 and IFigure 5), T .erefore, the modulus of the vector Dg'w)
: likewise is not reduced to zero during the variation of « in the
| interval mentioned, and its argument increases monotonously from zero
to %@5,-/-53) ) Where S, 15 the number of static links of the
first class and 82 is the number of static links of the second class,

The degree "n" of tle c.aracteristic.equation of Lue system equals

251—)- 82 and, consequently, it is always possible to assipn such para=-
meters so small a value of K that tne system will sutisfy the above-

mentioned criterion of stabdlity.s

7 4 ~
' #Note: This statement is confirmed in practise, /77, 87,
D — J

-ll -
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2, A SBystem Consisting Only of Links of (roups I and II1

The characteristic equation of such a system may take the forms

LB *+Hh g =2
where Q(f) 1o the preduct of all the polynenials zé(f) of all the
links of rroup 11T} Ky and KIII are the products of the conetante ki
of thece same links,

The point of tlie characteristic .@-C/‘U) , corresponding to w=20,
1ies on the V-axis to Lle rirht of tlhe oripin of ..e coordinates, and
the points corresponding to a sulficlently small & lie in the [irst
quadrant of tio V, U=plane,

If Lo systom conval y vily wne iink of greup T1l1, then for any
arpunent & of the veclor %gw} not lass than 77 (Iifure 9
the nedesraph of D_rg‘w)ﬁg'w) , when W= 0 , will intersect the
V-axis downwards; and when Lhe hodopraph ie displaced toward tie right
by any waounb, it will pass at once from the first quadront to the
fourth, wiich is not permissille according to the stability criterion,

put if the system has more than one 1ink of sroup JII, the numter
of quadrants intersected in the required order by the hodograph of
the vector .%rC/'w) will elways be less tpan the depree of the poly-
nomial ?‘lﬁ( /a) , and the absolute inslLability of the system will
be obvious. _

llence, in order that the system under congideration may te absolutely
unstable, it is sufficient that it should contain just one link of

group IIT.%

#Note: Some results may be obtained from this confirmation which have

no direct bearing on proof of the theorem. [A/oﬁv continued on [2: ’27

- 12 -
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? 3. A System Conelsting Only of Linke of firoups I and Il
The characteristic equation of such a eystem may be put in the
form
D Bpp)+ Ky kg =0
whore DI go) and %(f) are products of the operatore of links
corresponding to groups I and II, respectively, and KI and Kqy are

the products of thie constants ky of thesce same links.

: Zf:;”;::%”] A nerative static 1link of the fourth oclass [4(/);-_/‘.'.5/_.‘_7

may be replaced by one static link of the second class [/4{’) = /0+ c‘,_]
and one nerative static link of the pecond class [d_‘: (/0) =/0-C‘ _7,
14 only €2 > €y . Therefore, on condition that €2 > €, , a system
containing such links is un:table,

A nerulive static link of the third class /) (/):f"—g'/ may be
replaced by one slatic link of the sccond class /o, (p) = p +¢, 7]
and one negative static link of the second class /. d_‘ 90)= /b—cj ’

il only ¢,=¢€;  Therefore, on condition that C,== C;, a system
containing two such links is unstable.

0f course, in Loth cases there occur conditions of non-alsolute
instability, since, by disturbing the equality €, ==Cgz in the second
case and the inequality €z > €, in the first case, it is casy to
~ select values of €, , €z and the other parameters so that the

\eystem will be stable (see below). [ End 4,‘ Footnote begun on p. /2_7 /

If, besides links of group I, a system contains only one astatic

link (of the first or second class), ‘bhe'\hodographwi(jw) Z?ﬁgw)

i passes across«when &==0 the origin of tie coordinates (iipgure 5).

-13 -
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When the &’  ave aultlciently emall, the peinte ol.‘:\éh‘:dogmph

will lie in the second quadrant andj with increase in & , the argument
of the vector DIC;&J) %90)) will vary monotoncusly. Iut the modulue
of thie vector is not reduced to zere when W20,

Now if we displace the hodesraph DIE;'(») %(2'03) to the risht
by a sulfficiently small amount /(IKJI , the displaced hadoecraph, starte-
inr at W ==0 on the semi-axis /7 , will later, with increasing <o,
intorsoct the U,V = axes in the ordor required by the stabllity
criverion.

In thiz case, the hatal varialion of bhe arpument of tie vuctor
‘DI (;'a)) during the variation of €0 from zero to ©© oquale
-E <2 S) 7 52.), and the total veriation of the armument of the
vector .Dl-gb)gz(;é@'/'/(zéequale é—r{ﬂs,'f 52')"/) , if the
syetom containg ono astalic link of Ll--.e:g,io?\cl class and %(ZS‘,-)“.% +2)
if 1t containg one astatic link 6f the First class, Tho depree of the
polynemial Dl(p)Dn(p) in these cases is equal, respoctively, to
25/7".% -/ and 25, +.5; 2~ 2 . Thus, in a system containing
one astatic link of the first or second class in addition to links
of proup I, it is possible to select parameters such that it will
be stable.

By analegous reasoning, it is not difficult to show that, in a
system containing one nepative static link (of the first or second
class) in addition to links of group I, it is also posaible to select
parameters such that it will be stabla.

But if a system, in addition to links of gruup I, contains any
two links of group. I1, the agrument of the vector Dy(J& )Dp(d@ )

when the (M's are sufficiently small, will be equal to or greater

-1 -
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than 7T that is, the curve, desaeriled by the terminus (end) of
thie vector, will begin for w = 0 at the origin of the ccordinates
or at the semi-axis vt to the riehty then, when the «!'s are small,
it will run along in the third or fourth quadrant and the hedoegraph

of the vecter DI(Jw)DHI(J w )-H(IKII will not be able to proceed

since this requires Lhe stability eriterien,

If the nunber of links of pgroup II is greater than 2, it ls possible
to select these links and their paraucters such that, wien the Wrg
are sinall, tie arpument of tlie vector DI(j W)D3(Jw) will be positive;
in this evenl, nowever, the nusler of quadrants intersected by the
hodopraph of the vectoer DII(jw) will ke less tian the derree of the

polynomial Dn(p), and the syotem will Le alsolutely unslable

lote: It should l.e noled that syutems con aining two or more neg=-

ative static links are neot inecluded in our examination,

\ /

llenco, in a system containing one link of proup 11 besides links
ol proup I, it is possible to selact parameters such that the system
will be stablej but a system containing two or more links of group II
in addition to linke of group I will (e absolutely unstable M/oz‘e on '/o/aﬁ/g

L. A System Consisting Only of Links of Croups I and IV

Let us examine first only static links of the third class (static
conservative links).

The modulus of the vector d(jw) of a static link of the third
class (Figure 5) is reduced to zero only wien wW== = Y ; and the
argument of the vector d(jw )y equal to zero lor any w< ‘/-C_ s becomes
equal to 77 for &w greater ttan this value of w s corresponding to

the natural frequency of the link,

- 15 -
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Let us study first a syeten gontaining any number of links of
proup 1 and one gtatic link of the third class, [The ;‘zmmoteriat.io
equation of such a pyatai can be written:
(,=+a)z_2,</)+/(_,k =0
['r/n.'r nete @: Cartain peculiar results connacted with this atage of the proof\

refers bat
b boftom ol Lo theorem may likewise ve obtailned Ly gtudying the siens of the

€ d /!
s \ coefficionts of Lie characteristic equation of the syoten (see [57):

When W = W= YT , the hoderraph of lie vector (=w3F c)Zg.C;w)
pasuves through tiie origin of the coordinatesg and the oyetem 18 unatable

for any valve af Klk only if, for w=m, the curve intersects al the

origin tlo V = axis in a dovmward direction, ‘This can take place when
tie poinl of Lue curve D:(Jw ) corresponding to w=&ois located in
o first or gecond quadrant, and will not take place if this point
1ies in tho third or fourth quadrant (Figure 0), by solocting the
parameter ¢, it is possille to shift Lle point 29 to the third quadrant,
if only the hodograph Dl(Jw) passes Lhrousth {4, lience, by a proper
selection of perameters, 4% is impossible ‘to make Lhe system gtable,
except in the case where the lLiodograph DI(jw) 1ies completely in the
firet or second quadrantj that is, when the polynomial DI(p) is less
than the third dopree and the characteristic equation is less than

the Fifth depree.

™~

4% let us note ‘the following incidental result although it has
no direct bearing on our subject.

1f we trace the movement (locus) of the terminue of the vector
Dl(j w ) and denote by w,, Wy, W ..1othe successive values of
at which the argument of this vector is equal to m77 .(where me=12,3") .
a sysbem containing one link of group IV may be made stable by gelect~

ing ‘the magnitude of Kk only on condition that the natural frequency

[ﬁaz‘ﬂa-{e :
contorued , Y
on 10 117/ |
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[(m timarhon

Of 7;“*”‘7*‘ of the link & = Ye eatisfies any of tue following inequalities:
i on ‘
of/- /4_7 W< D <W, ; w <w <u,; W <w<wéand o forth,

1f, therefere, we change iie values of the natural frequency W of

thie link, paseing euccessively through all values from zero to =+ 00 ,
the conditions of inctaliility and "poesible stability" will alternate,
and the numier of these "tando" will equal the integral part of the
fraction (ny=1)/2 (L ny 2 2), where ny is Uhe m%r the poly=-
nomial DI(p).

7t ie not difficult Lo perceive also that a system contalning
even two identical static links of the third class will always be un=

(ctatle, En( of feotrute begin at boytim 7. /6_7 -y

1L the syslem contains "r' gtatie links of the third class in

addition to links of group T, the characteristic equation of the system
may te pubt in the Lorm:

D, (p)Dyy(p)=+ K K, 7= 0 (20)

where, in addition to previous notations, .Pzz(f) 7—7 (/’ + s
and KIV 18 the product of all "r" constants k of the static links of
the third class.

The argument of the vector DIV,(:] W) is always equal to zero or 77T ,
and the modulus of this vector is reduced to zero "r'" times for all
values of W corresponding to the natural frequencies of slatic links
of the third class:

=V (£=1/2,3"0r),

It is imposeidble to make this system, consisting of any number
of 1links of proup I and r static links of the third class, stable by a
proper selection of parameters, i'f even for one value of W= W the

e the hodograph DI(jw)DIV(;]w) passes through the origin of the coordinates,

intersecting the V- axis in a downward direction.

-17 =
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So that this hedecraph may intersect the V= axis in an upward
i dirvection for all values of & it ig necessary and sulficient that,
for sach of tiese values of 5‘: and fer & sufficiently small and

positive, tne followine inequalities should Le satisfied.#
0 < a4 (4 <7 (11)
2 [5G B G 0
0 > 878 [2, ) By ()] iy

41\!0\’-6: In tre oririnal text of this article this part of the proof

was more cumbcroome, ‘The auther expressed ne vratitude te Yu. I,

\Neywnark for his ougrestions,

I 4
Let uvs denole by 9'9" vie 1init (when €=% O) towird which Lo arpuments

. A 3 ‘0. , g 3

Dy () w)nw(w) approaciies if w =), *+ € ; and 2'_4-/ ig a
gimilar limit of the arsument ot the voctor, if W= ag‘.ﬂ—s o I
at each valic of &)= &1 the inequalities (9) are fulfilled, bhen,

in order that theoe ineqralities may also Le fulfilled for & -—-a’Jé_*_,,

it is necesuary that (Fipure 7)
TS, et n T,
= (22;-/-/)77-/- By — B

ot
wheore

P ond < (Z'=0’/’2‘ i),

The smallest value of this limit for wiich inequality (9) is still
possible to satisfy equals 77 +f&+, — ﬂ .

The limit(w:-.en E£—> 0) of the smallest variation of the arpument
of tie vector DI(jw)Dlv(;] W) wien €O varies from zero to OJ’+ £,
i satisfying inequality (9), is equal to!
; fig 5= g+[1+E 2 g 4t gt et
— /o— ——

(r=nm+B +E—f

where ﬁ is the arpument of tlie vector DI(jw)DIV(jw) when &) = ZJ;—-E .

- 10 -
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For a sufliciently emall & $g—> #1"7 (Fieure 8), and

therelore
° L+p —F —>= T+ 2
Thuss a//—)"”d A= (/’—/)77"*"77"/'# ‘

The value 92> 0 and, censequently,
E/—”»"a = rm.

Tn caloulating the total variation of the arpument, we atdied
thie followine inLervals separately: from == 0 to w=a7,—£; from
w=5,+5 to W=, —£ y ceey fron W=, 7 E to w=é —Et,

In oach of those intervals DIv(j W) 15 a real number other than
zoro and, therefors, in each intcrval the variations in arpumenis of
the vuctore Dy(jw ) and DI(Jw )Ulvy'w) are oqual Lo eacl other,

Tiug, iU is posasible to arranze tie selection of the quantities
(I), ’ 5._),_ ’ (3_9 s sy 55,. so that, for cachwalue of 0_‘-}‘;,
inequality (11) will .e fulfilled, but only on condition that, during
the variation in & from zere to ©©@ , iie argument of bthe vector
DI(J W) is chanzed Ly more than 77r, TFor this purpose the derree
ol the polynonial Dl(p) mist Le preater that 2r and tiwe dogroe of the
characteristic equation (10) rroater tnan Lr.

These conclusions are directly related to Lhe case of a sysiem
containing static links of the fourth class. To ke convinced that
this is so, it is sufficient to note that we can, by arbitrarily select-
inp the values of the parameters in particular, make h as small as
desired, Wuen h is sufficiently small, the difference betwcen bhe
hodographs of the vectors d(p)=/02+c and d(p) =/P2—'*/§/b+¢
has not the slightest essential effect on the behavior (course) of the

hodoptraph of vechor Dl(jw)DIV(jw). The difference is simply [/a,{,,é up md

/sNote: A system consisting only of linke of group I ig stable if \

- =0

£. < £ , where k_ is tie so-called critical amplification
o=/ * °
factor, Static links of the third class are obtained from static »

Footnota contsiined
- 19 - {” e 9P 287
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et
it pon

links of the firat class wlen A—b O,

i ‘The neuval censideration of alpebraic continuity, thereflore, make
the follewing ctatement possibler if,in a system consisting of links
of group I only in r statie linke of the first olase ,the coefficlents
of 1 ean dimdinish without limit then the value of ko will approach
zoro L lie derres of the claracturistic equation of thie system is less
than (lir<+1) and will approach a positive number 1f the depree of the
gquation 1g cqual to or less than (Lr=1), It la not ditficult to
percoive tlat in this case the value of kg, 18 determined by other para=

meters of tlie oystom and can be made sufflciently large even if "r

\links of the system are conswrvative, [?ll{/offwﬁ/o/e é"f’”’ botAhom o 427

that in biue calculation of static linke of the third class, this hodograph
intersects the V = axis in an upward direction at the origin of the
coordinates, while in the caleulation of static links of the fourth
class it ‘intersects for small h the V= axis in an upward directlon
to the left of Lhe oririn of the coordinates but proportionally closer
to it as h Lecows smaller,
ilence, a gystem containing any number of links of group I and any
r links of proup IV cannot be made stable il Lhe depree of the character-
igtic eruation of Lie syslem is less than Lr =1, Otherwise the para- '
| meters of the syctem may be so selected that the system will be stable.
5., Systems Contgining Links of (roup I and Any Otler Links in
Addition.
In the cases examined above, the system included links of only
one of groups II, III or IV in addition to links of group I.
Now lot us examine the case where the system consisis of links

‘ of group I and of any number of links of other groups.

A
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Lot us note that the preblem of the pessibility of abtaining a

qggble eystem was solved gbove by atudying the Lehavior of the hadezraph

4 =47
717 aﬂ( ¢ 20) near various pointsj in caleulating links of proups II
A=/ A 5? ) il
and I1I we were intereasted in Lhe point W =0 , and in caloulating
links of proup TV we were interested in point #
w=dw,; =Y, F o
‘%

thote: or the poinl near w‘. =Z§.

N\
\ /

tioreover, it was esuential to remain anywhere in the immediate vicinity

of theso points,

Therefore links of groups 11 and II1I, on the one hand, and links
of group IV,on uie othor hand, predetermined as if independently of
each other the possible appearance of absolute instability. ‘hus, any
gystem containing links of rroup T amony links of other rroups was
absolutely unstable if it contained: 1) wven one link of proup I1I,
or 2) not less than two links of proup 11, or 3) r links of froup
IV when the derree of the characteristic equation of the system was
less than (Lr == 1),

6. Systems Which Do Not Contain Links of firoup I

To exhaust all possible combinations of links, we have still to
oxamine systems consisting only of links of rmroups 1I, III, IVs that
is, excludin~ links of sroup I.

We shall show that such systems are always absolutely unstable,

Thie conclusion is of slirht importance for a system containing
only links of group IV, '

! For systems consitsting only of links of groups II and III, this
conclusion follows from the same considerations employed above to prove
the absolute instability of systems containing one link of group III

or two linke of group II besides links of group L.+ 'The same consider=

o
4/35/’:4}‘ /: 2z
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atione prove the absolute instabillty of a syotem containing any number

of linke of mroup IV and, in addition, one 1ink of group III and/or
i not less than two links of proup 11,
Now, a oyotem containing only one 1ink of eroup IT and any number

of links of proup IV ie absolutely unstable hecanse the hodorraph of

t.:@ vector a(jw) of any 1ink of proup II has no pointo pelow the V= axie.
Phese annsidorations prove vne theorem. ‘The necocoily of each ane
of the conditions in tho bext of tlie theorem has Leen separately proven
above., The sulficiency of these conditione follows from the fact that,
arter analyeis of all svsiens whieh could be conslructed from the links
appoaring in Table T, wo found that the appouranco of absolute instability
was possible in all cases stipulated by Lo theorem and we demonstrated
tiat in all other cases 1t was possille to solacl parameters such that

the system would ke gtable itk

l;:/lr,:f?;szi gNotes Tt is assumed of course,as 4n all Lhe above cages, that a N
”

./? édz /] cysten never contains less than two links.

[ f’v ~ /

weNote: All prior statenents concernod only syslems whose character=

PR

istic equation can be written ast )
£ =n

=N
F(f>=,£=/dj(/)+¢gk£ =7

where /A(p)risithe operattonal po:lmnomi'alumd (;ghe . hodograph: of 2the: ~véfBtor
Fldw Yois sobteined:by adding l,thesucfaenaat,..:z)n:;/ dd:ugwﬁm and A 9'4)) .
R

A similar addition of vectors can correct the faults of the hodopraph

[:Z' A g'w) .

[is /\‘®

:/; Y ota: Tt it is possible without constructing the equations to tell to

Tefers 4
o 75’/; ij what group of Table T the links composing the system belong.

N _/

N\
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5, Lxamplee of the Apnlication of bhe Lheoren

In some cases, proof of the thaorem makee it poesible for ue to
obtain important technical resulte without employing the usual stab=
1lity criteria and even without writing out Lhe differential equations
for the process® [Foo’/ﬂa’/r 15 back on Vz 22 ar The /dﬁ‘o/ﬂj

Let us examine some of the simplest examplos of thie clase.

In the case of direct regulation in Figure 1 exanined above, the
gystem conslote of two links (Figure 3). One of them=tio machine=is
a link of group II if not self-aligning,.but 18 a link of group I if
self-aliening; tie second==the rerulatoreis a lick of group I only
if friction and staticlty are present in tho ropulator (first and fifth
casos in:Fipure 3)., A link of proup II corrosponds to an antatic re-
mulator (third and pixth cases in L'ipure 3), Wnen there is no allowance
for friction in a gtatic remuluter (sucoud and rourth cases in Figure
3), the oystom contains only one link of proup IV,

One rlance at Firure 3 is now sufficient to show all the conclusions
roached at the bevinning of this article éy direct application of Hurwitaz'
criterion. They are shown in the first part of Fipure 3.

Making a similar analysis of the indirectly resulated installation
in Fipure 2, a glance at Fieure L is enough to form & judgment as to
the poesibility of satisfyinp the stability criteria without recourse
to analyzing these criteria in each individual casee

In the third, fourth and rifth cAaes of Figure L, the system con-
tains two links of group 11 and, therefore, cannot be made stable.

In the second case (Fipure L), the system contains one link of

group IV (Lt- V=l)end the characteristic equation of the system is

of the fourth degree and, hence, in this case the system ig always

unstabvle.

-23-
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[ In the [iret, sixth, seventh ad eighth cases of Figure L, the
E gystem can be made stable, These regults were already obtniqed above
g\ from application of lurwita! oriterion,
| Lot us nov;éomplicate the scheme by assuming that the repulator
las two-cascade amplification, Lel ue aselrn Lo thie new servo=-moter
the coerdinate xh (Fienre 9) and agsune that it has feedback.

According to our classificavion, guch a servomotor is a static
1ink of tue first class (i.e. liink of group I). In the firet five
cases of l'igure L, the slructural scheme showlng the repulator re=
presented in ipure 9 may be ol tained if one more link of rroup I
(Firure 10) is included in ‘he circuits shown in Fiegure L.

In nccordance with tle demonetrated Lleorem, tne syslem in cases
3, L, § will continuo to be absolulely unstable becauee, Just as
provieusly, it containg two links of proup 1T. In the [first caue, a8
before, Lo system can Le made stable by a proper gsolection of para=
motors. Proviously, in the second case with one gorvomotor, the system
was absolutely unstalle. Now, however, by changing to two-cascade
auplification, lhe slability conditions can e fulfilled in spive of
tie fact that there is no allowance for [riction in the sensitive
element, since the order of the characteristic equation has been in-
‘ereased by one and has becorm® equal to five.

As a final example, let us examine the refulator shown in Figure
11 with two-cascade pneumatic amplification, approximating in desipn
tne "Ark" - type regulator. loth servomotors are of the diaphragm
type. The pressure on the diaplrapgm of the first servomotor depends

on the position of a gate valve mo.ed by a sensitive tachometer element,

and the pressure on the diaphragm of the second servomotor depends on
" the position of a glide valve moved by Ulhe first servomobor.
51 e
1’3
-2y -
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Lat us poge the two follewln: questionst

1) ls friction in the mevine parte of lhe regulator (the senaitive
element and the servomotors) necessary to encure stability in a system?

2) Can stabllity Le ensured in this repulator il the statie
servemoters in [igure 1l ave replaced bv astatic servomotors?

Let us note that in this ocase the characteristic equation ie of
tie ninth depree and that the oolutien of these two problems by
analysis acecording to gtability eriteria would require cumbersome
calculations,

In penuralized coordinates it may be assumed thats xl is the
variation in the anfular velocity ol vie enzingg X, is wue shift in
tie clutch of the sensitive clement; x3 and xb are changes in pressure
ponarated by the first and second servomolors, respectively) xs and
x6 are the deflections of the diaphragms of the first and oecond
gorvomotors,

Tt is obvious from Iirure 1l that tio sensitive element and both
gorvomobors in a linear idealization are conventional oscillators and
correspond to static links of tne firet class, provided only that the
sensitive element and the servomotors are sbatic and allowance is made
for friction. The regulated engine, if it is considered as self=
aligning, and housings A and B (Figure 11) correspond to static links

of the second class; If we disrepard the effect of the movement of

the diaphragmse of the servomotors upon the pressure in the housings
A and B, the structural plan of the system has the form shown in

Figure 12,

'<;§$te: Prossure x3 18 8 b up in housing A, pressure Xy in housing B. N\

AN 7/
The aystem consists only of links of groups I and, consequently,

can be made stable,
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If we disrezard frictien in the sensitive element and both servo=
molers, tien all threo statle links of the seeond class ean Lo replaced
by linkse of group IV.

In thie eveni the number of links of eroup IV will Le r=3; hence
ir==12 and the degree of the equation will le n=9, T.erefore, friec=-
tion 18 necessary eo that tne system can te nade statle, Let M6 assume,
however, tlat friction talkes place in the servomolers only, and dig-
repard friction in the sunsitive oleuent, Now: r==1 and br == l.

In this cace, the system can L made stable in spite of the [fact that
i1 contains a conservative link.

. llence, to have a stable process with the repulator shown in
IMrure 11, friction is nucessary in one of the followiny three clemonts:
the sonsitive element, the firat or second sorvomotor. let us observe
that those conclusions apply also to those cases whore the ropulated
objcet is not self-alighing or even has neﬁative.uelf-alignmunt (unstable)#
or when the sensilive wlement is astabtic ik, 11 allowance is made for
friction in this elemant alone.

[Hete on e of P ?:77

1f the servomotors of the governor wvere astitic e+, it would pen=-
erally be impossible to make the system stable, since it would contain
two links of group II (Fipure 13, a).

An analogous case will arise if only one servomotor is astiatic

and tle sensitive element is also astatic (Figure 13, b) or Qf the

N

/
s#Note: In the case in Figrre 13, one of tie static elements is re-

plaéed by an element of group II.
\ _/

slote: 1In this case an element of group II replaces one of the gtatic

elements of the first class in IMgure 13, If friction in the astatic
———gensitive elemont be disreparded, the system will contain one
~——alement of proup IIT and will Le absolutely unstable, regardless

of the remaining paramebers of the system, including among them the

\friction in the servomotors. ' /
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7%;.’! nate ~

7 '
7efPrS dnck wimNoter Thle ocours, for example, if the action of the sprinze in
1o ud pr26
. /p ‘7' the diaphragme of the servomotors 1 replaced by that of weiphte

(dotted lines in IFizure 1), /

repulated object 1s not gelf-alicning (Flewre 13, e).
1f, hewover, only one of ti.e orvemetoers 1o astatic and all other
1inke are statle, tho pyelenm can be nade stable Ly the selection of

proper parareters.

Institute of Automatice and ‘Pelancehanico
Usel Academy of Seluncuéd
Entered abt the Led torial 0ffice

29 Octobor 1947
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2, Stodola, A., Turline Re-vlation, Selweizuerisehe hauvelbung, 1693-
1ok

3, Tolle, li., ltepelun: dor kraftmaseninen (iotor kepulation), bierlin,
1921

L, Kuvehinnikov, 8. P., Sovictskoye Kotloturbostroenniye ('lurbine
Loiler Works) 2, 1930

g, Gal'perin, 1, I., Struecture and Number of Couplings in Repulated
Systems, Dissertation, UTT imeni Jerzhinskiy, 1946
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[F/‘gures /52, 5_-_7 , ‘i
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|
‘ ///’/éazﬁc * Xy |
| |
{ ‘ '
| o l - o 2
\ J » 7(‘ P g i
— Z yrachine An= X,
Aischarge

Fure /. Schemntse ’

}ijram a/ Drrect F'/g’t'//a 2. »

/?qu/af/ on. Jndwrect /f:éjl/ Gteh.

Li)nk
Lok TYPE |

Y

Bl

C/SSSL* ;ﬂﬁé Links A;‘fdf/é b'ﬂéf
17

NN w=o| RN\ | #=° :}- w=o
/% ”'}1\\/ =Ny \AL Y\ Links
Z/hléf Closs emw? =-u{' V= c= qu* Of

(4
2 ' ‘1,) '
‘Z:fé‘:tl L/::hw ‘Z; -cAa‘f : , _'é/ ,
£Leure Cy ,%/gra/o/; of;%e ik vectors cafen/ated 1M 72 /.
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vee /-
; gtlfe 6. fam‘v‘fwf/ o0 of he Aﬂa’ fc? b/ ﬁ!

" cam‘/f

-+ or &
/r nf; ;J;rpwy J 4;/7; o rﬂvﬁc Jink a/ #7 Gra c/hss.

w=k ' Q=A\A y,
w) Q, (1) 24 ?“‘ng‘v) . A
Lg% G 7). % e (\\ L,

(/7€ d. X\ Gfﬂ A 7[9/—
gure 7. Gry / ¥ M/a//ﬂﬁ,tly ig}lm/a#mf 7‘;;' relation

-/ 7] mrm'fm

p ﬂ%/mm
e vector Dp( w) Jm w '/p “"+/ between 7f ﬂfﬂ’ 74

or a variation ¢
ﬁr//ﬁ Ffod Py + Xa
| 0/’[’”’”7 @,
7 G.‘:‘&: B.Ygl‘.'e £ \1' "~ q‘ )
Gorprsed V-
A& feed //au:m; A 2 i
N = A?—'-’—'— X3
— W e -
+ X :
- A; ::_ AC
e \ st W= @f’f’fgizﬁfl__i
: —-1T drschage - L Q-n-' AR =Xy *Zpri]
| Fsdarge O ,774,:/7- -.IE: 2»4%’??4,/,'47 E
_'\.'____ ‘ -fa Fhe e 1;; = llr}’
AN . e e
. T P Mﬂ(ﬁ/ﬂe — An::-X/ as’sfl—y,g +X4
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§ Fomp__| ,,§ moTor l
\ Ligure 7. f&ész/c mff:;ﬂ g Ko ”
natrect 4 /7% #e diagromt G
| o= cascrde an, h7rer: /:- z;rer// ’ /f:;f:/::: % Serascack 2

neumdie ampli7rer,
(serve motors — 5 7170
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| [ricure 37 '

Fipura 31 A&tructural Ychemes Shewing the Direct Hepulation of &
——— -

| Machine Devoid af Self=Aliznment,

18t Casel h>0,£z7ﬂ, ¢ =29

! There i friction in the rerulator.

The rerulalor 18 sratio,

e machine 1o withoul sali-alignnent,

2nd Cager W=0,83 20, 4= °

Mo allewance for friction in Wie repulator.
Me rerulator 18 stutju.‘
The wacodne 8 without salt=alipnuent,
3rd Caser h > @, 4= o, ¢= ¢
fhere 1o Lriclion in uie roulator.
The revulator is artabic.:
[lo maeh:ine i8 wi bitent self=alirnuant,
Lth tager h=0, €a 29, ¢ >0
There 48 no triction in the ropulator, as in the 2nd case.
1ma reculator is static.
he machine has galf=alirnment.
5th Cage: h > O, C,2 0, e, >0
There is friction in the rerulator.
The repulator is shtubic.
The machine has self-alirnuent.
6th Case: h >0, ¢, =0, ¢, > o0
fhere is [riction in bie repulator.
The rerulator is astatice

The maehine has sell=alignment.

//_-Zéw'e 3 con 7‘-/':1?’/
on next /a‘ye.
(i
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. CoarENTIAL
S

Llantinnatin of Fgure 3.]
Regulator liepulated hachine

Casest
1, eStatic Link 18t Clacs e Agtatic Link 2nd Class @y
Link of Group I Link of Group II
(p"’+6/a+¢g)X;=‘(';X/ px, == =K, Xy

This syetem can Le made stable

2, rStatic Link 3rd Clags wem———— Astatic Link 2nd Clans €
Link of fireup IV Link of firoup Il
(0} # ) X2 = K2 X, nx, ==k Xz

\ \ >
Thio syuten 1s alws a nnatable

3. pAstatic Link 1ol €100 e€—— Astatic Link 2nd Clase
Link of troup II Link of Croup II

(P2+A/0)Xz= 272Xy px, = —K Xz
—

This system is always uristable

L. FStatic Link 3rd Class —€—— Static Link 2nd Class
Link of Oroup IV Link of Group 1

2 —
L(P +Cz))<z—/é;X, (p+e) X = "'»(’,Xz

Thie system is al;ays unstable

Link of Oroup I Link of froup I
2
(p +/1,D+Q.>X; = kzx, (P*Cl)x, ==

This system can be made stable

5, rStatic Link lst Class ~e—— Static Link 2nd Claaa}
6. pAstatic Link lst Class~€——— Static Link 2nd Class
Link of Group II Link of Croup I

This system can be made stable

' Zz'ﬂ// Figure {7

- o=
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Figure Lt Btructural schemes Showing the Tndireet Regulation by

the Hegulator Depicted in Figure 2.
let Cages h >0 ,0,2¢ » €226 ey 20
Maeliine has self=alignrent
gungitive element 18 staticp tuere i8 {riction in it
S vomotor has feedback

ond Cases h>¢ , 6 20 ;C220, € >0

Maciidine has self-allipgninant
Sennitive elauent 18 glatic; there is no friction in it
Servonotor haa fuedvack
3rd Case: W& , & =0 250, € > 0.
rachiiu LG8 L solf-alipnment
Sensitive clement io astaticy there is friction in it
Servemotor has [eedback
Lth Case: h >0 , & = 9, C2 >0, =09
Machiine lias no pelf=alipnmant
gensitive element is gtaticy there is Friction in it
Servomotor has no feedback
th Caset h =9 , (¢, =9 Ca=26, 6, =09
Machine has gelf-alignment
Seneitive element is agtaticj there 1B friction in 1t
Sorvomotor has no feedback
6th Case: h >0 , ¢ =9, C2=06 t.'370.
Mtachine has self-alipnment

gensitive e¢lement is astatic} there is friction in it

Servomotor nas feeduack
7th Cage:r h >0 C‘,===0‘j ¢, >9°, <3 >0,
Machine has no gelf-alipnment
Sensitive element i8 gtabicy there is friction in it
Servomotor has feedback
Bth Case: h>0 ¢, >0 ,C2>0, %3 =0 .

Machine has gelf=-alignment

| ' Sensitive element is static; there is friction in it

servomotor has no- feedback o o cont yed
o NFIDENHY med ]
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Servomotor gensitive Element Regulated Maghine

Casett

1, pStatic, 2nd, 1, =€=—— Statie, lsi, 7, = Static, 2nd, I.
{<p+c,>x.= 9Xa (pthptar )ty =haXi (p+0)0 ==H%s l

System can Le made atable

2, rotatic, 2nd, 1, =€— Static, 2nd, IV, =e— Static, 2nd, 1.
[(p+c,)x,=&, X (p €a )Xz = A3 X, (p=+¢€1) X = =K X3

Syetem i8 ulwraya unstable

3, rStatic, 2nd, I, =€ Astatic, lat, I, w&— Astatic, 2nd, II.
[(P"‘CI)XJ =kyXa (Pz'f'}’f)x“: ke Xy p X =—k X3

g
Systes 'z alwase wnotable

L. ~Astatic, 2nd, I],-€— Static, lst, T. €—— Astatic, 2nd, II.
[P Xy = ks X2 (Pa"/’f'/' Gxa=kX, PX= —Ki %3

>
System is always unsiable

g, rAstatic, 2nd, II,-€—— Astatic, 1ot, I, =€&—— Statie, 2nd, I.
{r xs = k1 ¥z (p+ /7,03 Xy =kaXr (p+e )} ="k X3

By
Syotom 4is always unglable

6. ~Stutic, 2nd, I, -€— Astatic, lst, 1], =€— Static, 2nd, I.
[(P'f'“l)"s: kya (pz+ "’ijz'——" Ka¥, (p=+¢€) ¥, =—k X3

8ystem can be made stable

7. ~Static, 2nd, T, =€— Static, 1lst, I, =& Astatic, 2nd, 1I.
r(P"":s)xﬁ"‘ks’(: (P"+MP+'C=7K1= kax, px =—kixs

N
System can Le made stable

8. ~Astatic, 2nd, II, ~€— Static, lst, I. we— Static, 2nd, IL. !
[px3=ks><:. (pHhp+a)¥xa= k¥, (ptc)x =—kxs

1

System can be made stable §

-D e

[End "/‘ Ffiufe 44_7 {L
' 's

-3l -
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Figure 103 S8tructural Sclieme Showing Indirect Regulation With i

Two=Cascade Amplifiers,
let Cager h >0 & >0 a2>o C’> o

Machine has self-allignment)

senaitive element is atatlc} has friction.

Mret servometor has feedLack.

2nd Caser h=0 ¢,>¢ C,>0 (g3>o0
Hachiine has self=-allpnments
songltive olement is statle, but has ne [riction.

Firgt s-rveamotor has foedback

drd caser >0 &, =@ £,=0 (£3~°
Maciine has no solf=alignment;
sensitive element is isochronous; has friction,

FMrgt servomotor has feedback,

Lth Ciwet h>0 =0 £,20 Lg=0
¥achine has no self=alipnment;
sensitive vlement is static; has friction.

Mrst servomotor has no fuedback,

Machine has self-alipnnonts
gengitive element is isochronous; nas Iriction.

["irst servomotor has no fecduack.

[-F"rwl’e /0 (in}/qu’
en p 33,

- -
-”32_
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. [va\*-mm'hm rj’ Fuj. \o]

2nd Serve lst Serve gengitive flement Regulated kachine
' (CageBt)
. {utﬂtlc, 2. Io ‘—static’ 2, Io*—stlatlic’ l' I. "‘__Statio’ 2’ Io "__'

(pcdxy = KuXs  (p +edrs=Fxy (p+hp+c.)x;.- Kk,  (ptepxi=— by x4

System can Le made stable

D .‘
2. ftntic’ 2' I."—Stlﬂoic, 2’ 1.-‘—313&«10, 2, IVI ‘——-static’ 2, I

(bt ¥y = kyXy  (PHCdXa=koka <r1‘+cox;= k2 (pedx == ki %y

S, stem can l; nade stable

(p e e = kyX3 (D+C‘3>)‘3 =Ks X fp+hr)>fz—kz>‘n X = ==kiX4

s e———————1
o — i e

3.{5@“@, 2, 1.~—Static, 2, 1.4— Astatic, 1, 17, mt——aAstatic, 2, Il

stom cannot, be made s.able

2 =Ky X =— K X
([,+c“))(4=.k.,x4 py.!:kjﬁ{z (p+"1P+Cz>x2 t Xl PX,

' Astatic, 2, Il
lie Ftntic, 2, 1.~—Astalic, 2, IIpe Static, 1, 1, = y 2

Syetom canndt to made ctable

5 {utnbic, 2y 1, ~€—Astatic, 2, IIr€Ac sbaticy 1, 1] ,~————Static, 1, Is

(pcudxy = KXy p g = Ke Xz (p=hp) Xz = k2 X (pc)x) =— ki X4

Svstem carmgt be made sluaile

[End of F-';rure IOJ

-F -
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i T T

.- lzator Dericted in Figure 11.

Ficure 12, Structural Schene Siowins Fe-ulation 277 il

2nd Servo Yousing E 1ist Servo “ousing A Sensitive Zlerment lfotor

Static 13ink<€—Static link «€—Staiic 1ink «&——Static link-e—Steiic 1ink ~«——=Ctatic link

1st class, I. 2nd class, I. 1st clats, I. 2~d ciass, I. 1st clizss, I. 2nd class, I.
O Hhptal% (p+CIXs (oF hypt-Cey  (PHC) X3 Hbptadx  (pHaIn
= 1@6 X5 = ks Xy = KuX3 = Azxz = kX4 = — k,Xg

Figure 13. Structural Scneme of tne ReTvlaior Depicted in Firure 31, With istatic Links.
—_—

2nd Serve Zousing E 1st Servo Zousir~ A Sensitive Zlement ‘otor

(2 tatic 1ink-€—Stztic link «—Astatic 1ink €—Siatic Linkg—Siatic 3371 7S t21EC 1inkee—

1st class, II. 2nd class, I. 1lst clasg, Il. 2nd class, I. 1st class, 1. 2nd class, T.

[T (o2 hp) Xe (e+ecs)Xs (% hupd Xy ‘op4+e3)X3 = l;,/z-}—{g))!,_ (p+e)¥
=K X5 = éf Xy =KyX3 kz"z"z = k2%, = —%&x,
- e
( (b). Static 13 nkc —23Stabic link-e—Aztatic Jint-—6— Siabic lint-g——isiatic 1ink-€«—Stziic 1mk<———|
ist class, I. 2nd c_:ss, I. 1st class, Il. 2ad class, I. ist class, 11. 27d class, I.
: & lhp+a) ote)xs  ihup)xs  pFad¥s (o2 hapdxz (r+CDx
. J =k x5 = ksxy = kyx3 =kixz = kax,; =—k,%¢
_— - !
H ‘\;‘ (c) Static 1link-e—Static link-=—Astatic link€— “tati: link<——=Static 1ink - Istetic 1inkeg—
i \ 1st class, I. 2nd class, I. 1sb class II. 2nd ri=ss, 1. lst ciass, 1. 2nd class, Ii.
)
Ny <pi+h,F+c..)¥‘ (p+Cs) X5 e h..F)X-e o4 230%;3 tpirhap+exe 9%
3 = ko*s =kg¥y = ku¥3 = k3 %2 = kax, ——kyxe
‘h - e 3 -_—
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